Innervation and target tissue interactions differentially regulate acetylcholine receptor subunit mRNA levels in developing neurons in situ  by Levey, Marjory Schwartz et al.
Neuron, Vol. 14, 153-162, January, 1995, Copyright © 1995 by Cell Press 
Innervation and Target Tissue Interactions 
Differentially Regulate Acetylcholine Receptor 
Subunit mRNA Levels in Developing Neurons In Situ 
Marjory Schwartz Levey,* Craig L. Brumwell,* 
Stuart E. Dryer,t and Michele H. Jacob* 
*Worcester Foundation for Experimental Biology 
Shrewsbury, Massachusetts 01545 
tProgram in Neuroscience 
Department of Biological Science 
Florida State University 
Tallahassee, Florida 32306 
Summary 
Neurons engage in two distinct types of cell-cell inter- 
actions: they receive innervation and establish syn- 
apses on target tissues. Regulatory events that influ- 
ence synapse formation and function on developing 
neurons are largely undefined. We show here that nic- 
otinic acetylcholine receptor (AChR) subunit transcript 
levels are differentially regulated by innervation and 
target tissue interactions in developing chick ciliary 
ganglion neurons in situ. Using ganglia that have de- 
veloped in the absence of pre- or postganglionic tis- 
sues and quantitative RT-PCR, we demonstrate that 
a3 and I]4 transcript levels are increased by innervation 
and target tissue interactions. In contrast, a5 transcript 
levels are increased by innervation, but target tissues 
have little effect. Whole-cell ACh-induced currents, 
used to estimate the number of functional AChRs, 
change in correlation with a3 and p4, but not a5, tran- 
script levels. A model is proposed in which the changes 
in AChR subunit expression regulate levels of synaptic 
activity, which is a critical determinant of synapse sta- 
bilization and elimination, and neuronal cell death. 
Introduction 
Synapses are highly specialized structures that function in 
intercellular communication in the nervous system. Unlike 
the neuromuscular junction, however, cellular and molec- 
ular mechanisms that regulate synapse formation and func- 
tion on neurons are largely undefined. Neurons receive 
innervation and establish synapses on target tissues, po- 
tentially exposing the cells to regulatory influences from 
at least two extrinsic sources. In the present study, we 
have carried out an in vivo analysis of the role of both 
innervation and target tissues in the regulation of neuro- 
transmitter eceptor gene expression in neurons during 
synaptogenesis. 
The chick parasympathetic ciliary ganglion is a uniquely 
well-suited system for studying the separate effects of in- 
nervation and target tissue interactions on neurotransmit- 
ter receptor gene expression. Nicotinic acetylcholine re- 
ceptors (AChRs) mediate chemical synaptic transmission 
in the ganglion. The time of pre- and postganglionic syn- 
apse formation is developmentally staggered; innervation 
precedes target tissue synapse formation. More impor- 
tantly, these cell-cell interactions can be prevented from 
forming in ovo by surgically removing either the sole 
source of presynaptic inputs, the accessory oculomotor 
nucleus, or the developing optic vesicle that contains the 
target muscle tissues, prior to synaptogenesis (Landmes- 
ser and Pilar, 1974a; Furber et al., 1987; Engisch and 
Fischbach, 1990, 1992; Arenella et al., 1993; Dourado et 
al., 1994). The manipulations do not compromise the 
health of the neurons, the ability of input-deprived neurons 
to synapse on their target tissues, or the ability to estab- 
lish and maintain innervation on target tissue-deprived 
neurons (Landmesser and Pilar, 1974a; Furber et al., 
1987; Engisch and Fischbach, 1990, 1992; Arenella et 
al., 1993; Dourado et al., 1994): Thus, the specific role 
of innervation and target tissue interactions in regulating 
AChR subunit transcript levels in the neurons could be 
studied separately. In addition, the chick ciliary ganglion 
is one of the few neuronal populations in which the subunit 
composition of AChRs has been investigated. Five AChR 
subunit genes--a3, a5, aT, 132, and 134--are expressed in 
the chick ciliary ganglion (Boyd et al., 1988; Corriveau and 
Berg, 1993). AChRs in the ganglion, as a population, contain 
a3, (x5, and 134 subunits (Vernallis et al., 1993). It is unclear 
whether 132 participates in the formation of a small number 
of AChRs, and a7 is a component of a different, extrasyn- 
aptic nicotinic receptor, the aBgt AChR (Vernallis et al., 
1993). Further, a3, 134, and a5 mRNAs are expressed in 
all ciliary ganglion neurons as determined by in situ hybrid- 
ization (Boyd et al., 1988; Corriveau and Berg, 1993). 
Previous studies of the regulatory effects of innervation 
and target tissues have predominantly used disruption of 
functioning synaptic connections to show that both of these 
cell-cell interactions are required to maintain AChR ex- 
pression in mature neurons. Denervation or axotomy causes 
declines in AChR protein and transcript levels (Brenner 
and Martin, 1976; Jacob and Berg, 1987, 1988; Boyd et 
al., 1988; McEachern et al., 1989; Hieber et al., 1992; 
Mandelzys et al., 1994), although in the case of axotomy, 
it should be noted that drastic reductions may be caused, 
at least in part, by an effect of injury following axonal tran- 
section. Prior to synaptogenesis, however, cell-cell inter- 
actions can be manipulated in situ without directly damag- 
ing the neurons. This approach can therefore be used to 
establish the inductive effectsof innervation and target 
tissues on AChR expression in developing neurons and 
may reveal regulatory mechanisms distinct from those re- 
sponsible for the maintenance of AChR gene expression 
in functionally active mature neurons. 
Developmental increases in AChR protein and transcript 
levels coincide with the time when pre- and postsynaptic 
connections are formed in neurons (Smith et al., 1985; 
Daubas et al., 1990; Jacob, 1991; Corriveau and Berg, 
1993; Devay et al., 1994). The functional properties of 
AChRs also change during this period, and the changes 
are likely to increase the efficacy of synaptic transmission 
(Margiotta and Gurantz, 1989; Moss et al., 1989; Moss 
and Role, 1993). Two recent studies have demonstrated 
that at least some of the developmental increase in AChR 
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Figure 1. Quantitative RT-PCR with an a3 Mutated cRNA Internal Standard 
(A) Schematic representation showing that the a3 mutated cRNA internal standard used with RT-PCR to quantitate a3 subunit mRNA levels in 
total RNA from an individual ciliary ganglion is identical tothe portion of the ct3 mRNA sequence that is targeted for amplification, with the xception 
of 2 nucleotide (nt) changes (noted in bold and larger type). The changes were introduced to replace an existing Ncol restriction site with a Banl 
site. Specific c¢3 sense and antisense primers hybridize to sequences in exons 5 and 6 as indicated. The size of the fragments generated by 
restriction endonuclease digestion of the PCR amplification products is also indicated. 
(B) Autoradiogram showing the use of restriction endonuclease digestion and gel electrophoresis to distinguish the products derived from ED8 
ganglionic RNA and the ct3 mutated cRNA internal standard following RT-PCR amplification in the same reaction tube with the same ~3 specific 
primers. PCR was done in the presence of [a-32P]dCTP. An undigested product of 273 nt was obtained (lane 1). Banl-digested fragments (lane 
2) include the 273 nt product derived from ct3 mRNA and 169 and 104 nt fragments generated from ct3 internal standard products. Ncol-digested 
fragments (lane 3) include the 273 nt product derived from the Q3 internal standard and 173 and 100 nt fragments generated from ct3 mRNA 
products. Both enzymes were used to demonstrate complete digestion of the PCR products (lane 4), which is essential for accurate quantitation. 
Fragment sizes were determined using molecular weight markers. The autoradiogram represents an 8.5 hr exposure to the dried gel at room 
temperatu re. 
(C) Ethidium bromide-stained agarose gel demonstrating the specificity of RT-PCR amplification with e3, 64, cz5, and ~-tubulin sense and antisense 
primers. RT-PCR with each set of specific primers generated a single amplification product of he predicted size from total RNA of a single ED14 
ciliary ganglion (lanes 1) and total RNA from ED8 chick brain, ata concentration equivalent to that present in a single ED14 ciliary ganglion (lanes 
3). No product was observed when RT was omitted (lanes 2) or when equivalent concentrations of total RNA from ED8 chick liver were used in 
place of ciliary ganglion RNA (lanes 4), with the exception of a 13-tubulin signal in liver RNA (lane 4, I~-tubulin). ~-tubulin primers were designed 
to amplify neuron-specific cl~4-tubulin mRNA (Sullivan et l., 1986), but they also hybridize to the highly homologous 1~7-tubulin mRNA, as determined 
by sequence analysis of the amplified PCR products. ~7-Tubulin mRNA is expressed in all cells (Monteiro and Cleveland, 1988). Arrow, unincorpo- 
rated primers. 
protein and transcript levels is caused by innervation. The 
10- to 15-fold transient increase in 132 mRNA levels does 
not occur in chick optic tectum neurons deprived of in- 
nervation prior to synaptogenesis (Matter et al., 1990). 
Similarly, AChR protein levels in the intracellular, biosyn- 
thetic pool are dramatical ly reduced in chick ciliary gan- 
glion neurons that have developed in the absence of in- 
nervation, at least until the developmental  period when 
the neurons establish synaptic contact with target tissues 
(Arenella et al., 1993). At this time, AChR levels increase, 
suggesting that, in addition to innervation, target tissue 
interactions also induce AChR expression. Moreover, the 
whole-cell ACh response, which is an estimate of the num- 
ber of functional AChRs, is reduced in ciliary ganglion 
neurons deprived of target tissue interactions, whereas 
ACh responses are not affected by input deprivation in 
situ, at least at the late embryonic stages examined (En- 
gisch and Fischbach, 1990, 1992). In contrast, coculture 
of embryonic chick sympathetic neurons in vitro with the 
appropriate preganglionic tissue, or preganglionic neuron- 
conditioned medium, causes 4- to 10-fold increases in ACh 
responses (Role, 1988; Gardette et al., 1991). These find- 
ings either suggest that innervation and target tissues have 
redundant regulatory effects or that these cell-cell  interac- 
tions do not play a major role in the regulation of AChR 
expression in neurons. In the latter case, the developmental 
expression of AChRs would appear to proceed largely ac- 
cording to an intrinisic differentiation program. In either 
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Figure 2. Comparisons of the Number of a3, 
64, a5, and 13-Tubulin Transcript Copies per 
Neuron in Ganglia from Operated and Control 
Embryos 
The absolute amounts of Q3, 1~4, a5, or ~-tubulin 
mRNA levels were determined in individual gan- 
glia from operated (hatched bars) and control 
(closed bars) embryos using RT-PCR with 
known concentrations of mutated internal stan- 
dard. The values are expressed here as the 
number of transcript copies per neuron, thus 
taking into account the decrease in neuron um- 
bers that normally occurs between ED9 and 
ED14, with greater declines occurring in gan- 
glia from operated embryos (see Experimental 
Procedures for neuron umbers used). Results 
represent the mean _+ SEM. The number of 
ganglia ssayed from operated and control em- 
bryos is shown above each bar. Input-deprived 
and both input- and target tissue-deprived gan- 
glia are compared with age-matched, sham- 
operated ganglia, while target issue-deprived 
ganglia are compared with their contralateral 
control ganglia, a3 and 134 transcript levels were 
significantly reduced in the absence of innerva- 
tion or target tissues, except at the later stages, 
when input-deprived neurons establish syn- 
apses on target issues (ED14). In the absence 
of both cell-cell interactions, a3 and 134 tran- 
scripts were at their lowest levels. In contrast, 
a5 mRNA levels were reduced significantly inthe absence of innervation, but not in the absence of target issues. Included as a control, 13-tubulin 
mRNA levels were not altered in the absence of these cell-cell interactions. Asterisks, statistically significant differences based on the Student's 
two-sided t test; double asterisk, p < .01; triple asterisk, p < .001. 
case, the regulation of AChR expression in neurons would 
differ from regulatory principles emerging from studies of 
the neuromuscular junction, in which innervation is the 
major regulatory influence controlling AChR expression 
(reviewed in Hall and Sanes, 1993). 
In the present study, the role of innervation and target 
tissue interactions in regulating AChR a3, a5, and 134 sub- 
unit transcript levels was established by using chick ciliary 
ganglia that had developed in situ in the absence of in- 
nervation, target tissues, or both cell-cell interactions and 
quantitative reverse transcription polymerase chain reac- 
tion (RT-PCR). Whole-cell ACh-induced currents were also 
assayed to look for functional consequences of changes 
in AChR subunit mRNA levels. We found that a3, a5, and 
134 subunit transcript levels are differentially regulated by 
innervation and target issue interactions. Changes in ACh 
response correlate with ~3 and l~4, but not a5, mRNA 
levels, suggesting that a3 and/or 134 transcript levels regu- 
late the degree of expression of functional AChRs on the 
neuron surface. Moreover, innervation and target tissues 
have unique as well as redundant inductive ffects on AChR 
subunit expression in developing chick ciliary ganglion neu- 
rons in situ. 
Results 
Quantitation of t~3, a5, and 94 Subunit Transcript 
Levels by RT-PCR with Mutated AChR cRNA 
Internal Standards 
AChR ct3, ct5, and 94 subunit transcript levels were mea- 
sured in individual ganglia from operated and control em- 
bryos by using RT-PCR in combination with known concen- 
trations of mutated AChR subunit cRNA internal standards 
(Figures 1A and 1 B). Initially, specific sense and antisense 
primers were generated for a3, ~5, and 134 that produce 
a single amplification product from ganglionic total RNA 
following RT-PCR (Figure 1C). The primers correspond 
to sequences in exons 5 and 6 that flank a portion of the 
cytoplasmic domain between transmembrane regions III 
and IV, since this is the region of greatest divergence be- 
tween the individual AChR subunit genes (Figure 1A; Nef 
et al., 1988; Couturier et al., 1990). 
We also generated a3, ¢z5, and 134 mutated standards 
that differ from their respective AChR subunit mRNA se- 
quences at 2 bases (Figure 1 A). These changes were intro- 
duced by site-directed mutagenesis with PCR to replace 
an existing restriction enzyme site with a unique site (Becker- 
Andr6 and Hahlbrock, 1989; Perrin and Gilliland, 1990). 
Thus, the standard cRNA and the targeted AChR subunit 
mRNA are reverse transcribed and amplified with the same 
efficiency in the same reaction tube, and their final am- 
plification products are distinguishable (Figure 1B). The 
absolute amount of the ACh R subunit transcripts was de- 
termined by establishing the ratio of PCR products derived 
from a known concentration of internal standard to prod- 
ucts derived from ganglionic total RNA. The concentration 
of internal standard used was determined by competitive 
PCR to be equivalent o the amount of that particular sub- 
unit mRNA present in that age operated or control gan- 
glion. Using this approach, 94 and a5 transcripts were 
found to be present at similar levels in control ganglia, 
whereas a3 transcripts were present at 4- to 6-fold higher 
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Table 1. AChR Subunit Transcript Levels per Neuron (% Control) 
a3 134 a5 
Presynaptic input-deprived ED8 63% _ 4% 63% _ 3% 60% ± 5% 
" ,.~ .m ED14 90°/0 + 50/0 * 83% + 6% *a 570/0 + 50/0 
"--4~.,,)-'~qU - - - 
Target tissue-deprived ED8 53% -4- 3% 71% ± 3% 83% ± 40/0 *
'~qt,..,)l ., -~ ~mU ED12-13 52% ± 80/0 75% _+ 4% 128O/o ± 12% * 
Both input-and ED8 27% ± 3o/0 * 25% _ 2%* 62% ± 2% 
target tissue-deprived ED12-13 23% ± 20/0 * 30% ± 4%* 65% _+ 4% 
t 
For each ganglion deprived of innnervation or both input and target issues, the number of ACh R subunit ranscript copies per neuron was expressed 
as a percentage of the mean age-matched, sham-operated control ganglion value. The means + SEM of the percentages were then calculated. 
Each target tissue-deprived ganglion was paired with its contralateral control ganglion. For each AChR subunit transcript, the percentages were 
compared for all operated conditions. Asterisk, values that are significantly different, based on Mann-Whitney nonparametric test, p < .01-.0001. 
a Not significantly different from the ED12-13 target tissue-deprived ganglion value for 134. 
levels at embryonic day (ED) 8 and 2- to 3-fold higher 
levels at ED12-14 (Figure 2). Similar results were obtained 
previously by Corriveau and Berg (1993) in quantitative 
RNase protection experiments that require much larger 
quantities of total ganglionic RNA. Thus, by including a 
mutated internal standard, RT-PCR provides high sensi- 
tivity as well as accurate and reproducible quantitation of 
AChR subunit mRNAs in individual ganglia. 
a3, I}4, and a5 Transcript Levels Are Differentially 
Regulated by Innervation and Target 
Tissue Interactions 
Innervation and target tissue interactions differentially reg- 
ulate a3, 134, and (~5 transcript levels in developing chick 
ciliary ganglion neurons (Figure 2; Table 1). Normally, all 
ciliary ganglion neurons are innervated by ED8, and the 
neurons establish synapses on target muscle tissues from 
ED9 to ED14 (Landmesser and Pilar, 1972; Meriney and 
Pilar, 1987; Pilar et al., 1987). In neurons that had devel- 
oped in the absence of innervation, the numbers of a3, a5, 
and 134 transcript copies were reduced to 60% of control 
neuron values at ED8. Similar decreases were observed 
in a3 and 134 mRNA levels in ED8 input-deprived neurons 
using RNase protection assays (data not shown). At ED14, 
a3 and 134 transcripts increased to a similar level in input- 
deprived and control neurons, in contrast, (~5 transcript 
levels remained significantly reduced to 60% of control 
values. Thus, the results at ED8 demonstrate that innerva- 
tion increases a3, a5, and 1~4 transcript levels. The recov- 
ery of (z3 and ~4 mRNA levels seen in input-deprived neu- 
rons at ED14 suggests that target tissue interactions may 
also increase the number of a3 and 134 transcripts, possibly 
via contact-mediated factors. However, target tissues may 
not affect ct5 mRNA levels. 
This hypothesis was tested by surgically removing the 
developing optic vesicle prior to ganglion formation (Figure 
2; Table 1). The operation prevents all interactions be- 
tween the ganglion and the target muscle tissues in the 
eye, without directly damaging the neurons. In target tis- 
sue-deprived neurons, the numbers of a3and [34 tran- 
script copies were 50% and 70%, respectively, of contra- 
lateral control neuron values, both at ED8 and ED12-13. 
However, the number of a5 transcript copies was not sig- 
nificantly different in target tissue-deprived neurons and 
contralateral control neurons at ED8 or ED12-13. Ciliary 
ganglion neurons normally have axons in the vicinity of 
the developing target tissues for days prior to peripheral 
synapse formation (Meriney and Pilar, 1987; Pilar et al., 
1987). Thus, decreases in (~3 and 134 at ED8 suggest the 
target tissues release soluble factors that retrogradely in- 
fluence these transcript levels. 
To test for additive effects on a3 and ~4 transcript levels, 
both innervation and target tissue interactions were pre- 
vented from forming in single embryos (Figure 2; Table 
1). a3 and l~4 transcript levels were 250-30% of control 
neuron values at ED8 and ED12-13 when the neurons had 
developed in the absence of both innervation and target 
tissues. In contrast, a5 transcript levels were similar in 
neurons deprived of only innerqation and in neurons de- 
prived of both innervation and target tissues. The findings 
demonstrate that both innervation and target tissues in- 
duce increases in a3 and 134 transcript levels. In compari- 
son, (~5 transcript levels are regulated by innervation, but 
not by target tissue interactions. 
Reductions in AChR subunit transcript levels in ganglia 
that have developed in the absence of innervation, target 
tissues, or both cell-cell interactions are specific. 13-tubulin 
mRNA levels are not altered in ganglia deprived of these 
cell-cell interactions (Figure 2). 
Changes in Whole-Cell ACh-lnduced Currents 
Correlate with a3 and p4, but Not a5, 
mRNA Levels 
Whole-cell ACh-induced currents were measured to esti- 
mate the number of functional AChRs on the surface of 
acutely dissociated neurons from operated and control 
embryos. Declines in the whole-cell ACh response of oper- 
ated neurons correlate with a3 and 134, but not a5, mRNA 
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Figure 3. ACh Responses of Acutely Isolated Ciliary Ganglion Neu- 
rons from Operated and Control Embryos 
(A) Whole-cell responses of ED13 sham-operated neurons to pressure 
application of 100 ~tM ACh were evoked at holding potentials of -80, 
-60, -40, and -20 mV (left). Bar over traces indicates the time of ACh 
application. Note the decrease in current amplitude with decrease 
in driving force. In all experiments, cells tested with ACh expressed 
voltage-activated Na ÷ and K ÷ currents evoked by a test pulse to 0 mV 
from a holding potential of -60 mV, thus establishing their identity as 
neurons. Responses to ACh desensitized gradually with continued 
exposure to ACh (data not shown). Responses to the right were evoked 
by pressure application of 100 ~tM ACh from a holding potential of -60 
mV in ED13 neurons that had developed in the presence or absence of 
innervation, target issues, or both cell-cell interactions, as indicated. 
Vertical scale bar represents 500 pA, except for trace at lower right 
(target- and input-deprived neuron), for which it represents 100 pA. 
(B) Comparison of the mean amplitude of responses to 100 I~M ACh 
evoked from a holding potential of -60 mV in ED12-13 neurons de- 
prived of innervation, target issues, or both cell-cell interactions, as 
levels (Figure 3; Table 1). ACh-induced currents in input- 
deprived neurons were not significantly different from con- 
trol neuron values at any age examined from ED6 to ED12- 
13 (Figure 3; see also Engisch and Fischbach, 1992). ED6 
neurons were investigated in an attempt to distinguish an 
effect of input deprivation on ACh-induced currents that 
might be masked by the compensatory effects of other 
regulatory influences later in development.  In comparison, 
the ACh response was reduced by an average of 40% in 
ED12-13 target t issue-deprived neurons (Figure 3), re- 
sembling previous results of Engisch and Fischbach (1990). 
The ACh response was reduced by 95% in neurons de- 
prived of both innervation and target tissues, as compared 
with control neuron values at ED8-9 and ED12-13 (Figure 
3). Moreover, declines in ACh-induced currents appear to 
be a specific response to the absence of target tissues 
or both input and target tissues, since the amplitudes of 
voltage-activated A-type K ÷ currents and Ca 2+ currents are 
not altered in the absence of these cell-cel l  interactions 
(Dourado et al., 1994). 
ct3 and 134 subunit mRNA levels were also significantly 
lower in neurons deprived of target tissues or both input 
and target tissues, as compared with input-deprived neu- 
ron levels (for a3, p < .05 and p < .003, respectively, at 
ED 8, and p < .001 at ED12-14; for 134, p < .001 at ED 
8 and ED12-14, Student's two-sided t test), with the excep- 
tion of 1~4 transcript levels in target t issue-deprived neu- 
rons at ED8 (Figure 2). In contrast, ct5 transcript levels 
do not correlate with the declines in ACh response, ct5 
transcripts were present at the same levels in neurons 
deprived of only innervation or both innervation and target 
tissues. Further, ct5 mRNA levels in target t issue-deprived 
neurons were similar to contralateral control neuron val- 
ues. These results suggest that a3 and/or 134, but not ~5, 
transcript levels determine the degree of expression of 
functional AChRs on the developing neuron surface. 
Discussion 
The major finding reported here is that AChR t~3, a5, and 
134 subunit transcript levels are differentially regulated by 
indicated. Error bars represent SEM. Numbers in parentheses indicate 
the number of cells with detectable responses to ACh over the number 
of cells examined. Data were analyzed by one-way ANOVA followed 
by Scheff6's post-hoc multiple-range test. Single asterisk signifies that 
responses in target issue-deprived neurons are significantly different 
from contralateral control, sham-operated control, and input-deprived 
neurons (p < .05). Double asterisk signifies that ACh responses of 
neurons deprived of both innervation and target tissues are signifi- 
cantly different from target-deprived, input-deprived, and control neu- 
rons (p < .05). In contrast, the response of input-deprived neurons is 
not significantly different from controls. 
(C) Comparison of the mean amplitude of responses to 100 ~tM ACh 
evoked from a holding potential of -60 mV in ED6 and ED8-9 neurons 
deprived of preganglionic input, and in ED8-9 neurons deprived of 
both input and target tissues. Responses in input-deprived neurons 
are not significantly different from sham-operated controls at ED6 or 
ED8-9 (Student's unpaired t test). Double asterisk signifies that re- 
sponses in ED8-9 neurons deprived of both input and target issues 
are significantly different from neurons deprived of only innervation 
and control neurons (p < .05, one-way ANOVA followed by Scheff~'s 
multiple-range test). 
Neuron 
158 
innervation and target tissue interactions in developing 
chick ciliary ganglion neurons in situ. In the absence of 
innervation, the levels of all three transcripts are reduced 
to a similar extent, suggesting that signals from the presyn- 
aptic input coordinately regulate a3, c¢5, and 134 expres- 
sion. Target tissue deprivation also reduces Q3 and 134 
transcript levels but has little, if any, effect on a5 mRNA 
levels. Thus, presynaptic inputs and target tissues have 
unique as well as redundant inductive effects on AChR 
subunit transcript levels in developing chick ciliary gan- 
glion neurons in situ. 
Regulation of Functional AChR Expression 
What are the functional consequences of changes in AChR 
subunit mRNA levels in response to innervation and target 
tissue interactions? To address this question, we mea- 
sured whole-cell ACh-induced currents to estimate the 
number of functional AChRs on neurons that developed 
in the absence as compared with the presence of cell- 
cell interactions. In the absence of innervation, the ACh 
response is not altered relative to control neuron levels. 
Thus, innervation does not appear to regulate the number 
of functional AChRs on the developing neuron surface. 
One possible explanation for the lack of an effect of input 
deprivation on ACh response could be the incomplete re- 
moval of all preganglionic neurons by the surgical proce- 
dure, or the presence of aberrant innervation from other 
sources or intraganglionic ontacts (Margiotta and Berg, 
1982; Johnson, 1988). However, the complete bilateral 
destruction of the preganglionic nucleus, the accessory 
oculomotor nucleus, was established by paraffin histologi- 
cal examination of the brains of operated embryos and by 
the absence of the preganglionic nerve (Arenella et al., 
1993). The absence of synapses on the surface of input- 
deprived ciliary ganglion neurons, with only rare excep- 
tions on a small number of neurons, was established by 
immunocytochemical l beling with monoclonal antibodies 
to two different synaptic vesicle antigens, SV2 and P65, 
as well as by ultrastructural nalysis (Furber et al., 1987; 
Engisch and Fischbach, 1992; Arenella et al., 1993). Thus, 
decreases in ~3, 134, and ~5 transcript and intracellular 
AChR protein levels, in the absence of a change in surface 
AChR levels on input-deprived neurons, would suggest 
that the intracellular pool of AChRs is regulated indepen- 
dently of the surface pool, and that innervation does not 
regulate AChR expression on the developing neuron sur- 
face. Similar results were reported previously for mature 
chick ciliary ganglion neurons following denervation (Mc- 
Eachern et al., 1989). Differential regulatory effects of in- 
nervation on surface and internal AChR pools can be ex- 
plained by the observation that only a very small proportion 
(approximately 5%) of the internal biosynthetic pool of AChRs 
is destined for the surface in developing chick ciliary gan- 
glion neurons (Stollberg and Berg, 1987). However, regu- 
latory coupling between surface and internal AChR pools 
has been demonstrated for embryonic iliary ganglion neu- 
rons in culture (Stollberg and Berg, 1987). Moreover, de- 
clines in the ACh response of neurons deprived of both 
input and targets are substantially greater than those ob- 
served in neurons deprived of target alone, suggesting 
that innervation and target tissues may both regulate the 
expression of surface AChRs. Normally, only a small pro- 
portion of AChRs on the surface are functional; the remain- 
der are "silent" (Margiotta et al., 1987a). Silent AChRs can 
be converted to a functionally available state by a cyclic 
AMP (cAMP)-dependent mechanism, suggesting that they 
differ from functional AChRs by a posttranslational modifi- 
cation and/or subunit composition (Margiotta et al., 1987b; 
Vijayaraghavan et al., 1990). The ability to activate silent 
AChRs suggests that they may play a role in modulating 
levels of synaptic activity. Moreover, the proportion of sur- 
face AChRs in the silent pool increases during the period of 
pre- and postganglionic synapse formation and matu ration 
(Margiotta nd Gurantz, 1989). Thus, decreases in ~3, [34, 
and ~5 subunit mRNA levels in input-deprived neurons 
may lead to decreases in surface AChR levels without 
affecting the number of functional AChRs. 
In neurons deprived of target tissues or both input and 
target tissues, the whole-cell ACh response is reduced, 
and the decreases appear to correlate with ~3 and 1~4, 
but not a5, transcript levels. ~3 and 134 mRNA levels are 
significantly lower in these neurons as compared with neu- 
rons deprived of input alone, with the single exception 
of [34 levels in target tissue-deprived neurons at ED8. In 
contrast, a5 transcript levels are either present at control 
neuron levels or are similar to input-deprived neuron val- 
ues in target-deprived and both input- and target-deprived 
neurons, respectively. Moreover, previous studies have 
reported that target issue interactions are required for ciliary 
ganglion neurons to activate silent AChRs in response to 
cAMP (Margiotta nd Gurantz, 1989; Halvorsen et al., 1991). 
In the absence of target tissues, silent AChRs may not be 
expressed on the neuron surface owing to reductions in 
AChR subunit transcript levels. Alternatively, target issue 
interactions may regulate the appearance of a component 
in the cAMP-dependent pathway and, therefore, the con- 
version of silent AChRs to a functionally available state, 
providing an additional mechanism for the regulation of 
functional AChR levels in response to target issue interac- 
tions. The changes in ACh-induced currents reported here 
demonstrate that target tissue interactions play a greater 
role than innervation in regulating functional AChR levels 
on the surface of developing chick ciliary ganglion neurons 
in situ. In contrast, in skeletal muscle, an end organ in 
which there is no analogy to target tissue interactions, 
innervation regulates the levels and functional properties 
of surface AChRs (Hall and Sanes, 1993). 
Overall, the results demonstrate that declines in the ACh 
response correlate with a3 and possibly 134, but not ~5, 
mRNA levels. The findings also suggest that cx5 cannot 
substitute for a3 in the formation of a functional complex, 
even though a5 contains the vicinal cysteines that are 
important for ligand binding (Karlin, 1991). This conclusion 
is supported by in vitro expression studies demonstrating 
that a5 alone or ~5 in pairwise combination with a [~ subunit 
does not form functional AChRs (Boulter et al., 1990; Cou- 
turier et al., 1990). However, in the presence of an addi- 
tional ~ subunit subtype and a 13 subunit, ~5 participates 
in the formation of a functional complex (Ramirez-Latorre 
et al., submitted). It should be noted in this regard that 
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the ~3 subunit is present in essentially all AChRs in normal 
developing chick ciliary ganglion neurons (Vernallis et al., 
1993). Moreover, depletion of ct3 subunits using antisense 
oligonucleotides decreases the number of functional AChR 
channels on chick sympathetic neurons in vitro (Listerud 
et al., 1991), and increases in ~3 and a7 mRNA levels 
correlate with ACh current densities in neonatal rat sympa- 
thetic neurons (Mandelzys et al., 1994). The present re- 
sults demonstrate that ~3 and/or 134, but not ~5, transcript 
levels are the major influences that determine the degree 
of expression of functional AChRs on the surface of devel- 
oping chick ciliary ganglion neurons in situ. 
Additional Regulatory Influences 
Increases over time in ~3, 134, and ~5 transcript levels 
in neurons that have developed in the absence of both 
presynaptic inputs and target muscle tissues suggest that 
intrinisic factors may also regulate AChR subunit mRNA 
levels. Alternatively, the increases may be caused by other 
cells in the environment, including ganglionic nonneuronal 
cells or extraocular muscles, or by the auto/paracrine ac- 
tions of neurally derived soluble factors, such as AChR- 
inducing activity and calcitonin gene-related peptide, that 
influence AChR expression in skeletal muscle (New and 
Mudge, 1986; Villar et al., 1989; Falls et al., 1993). In partic- 
ular, ~5 mRNA levels undergo a large increase in the ab- 
sence of innervation and target tissues, as compared with 
~3 and 134 transcript levels, demonstrating another differ- 
ence in the regulation of ~5 expression. Overall, the redun- 
dant as well as unique inductive effects of the various 
regulatory influences appear to combine to increase AChR 
subunit transcript levels in the developing neurons during 
the critical period of pre- and postganglionic synapse for- 
mation. 
Functional Implications of Developmental Changes 
in AChR Subunit Transcript Levels 
Changes in AChR subunit transcript levels in neurons that 
establish pre- and postsynaptic onnections appear to cor- 
relate with developmental increases in the total number 
of AChRs and changes in AChR functional properties that 
are likely to influence the efficacy of synaptic transmission 
(this study; Smith et al., 1985; Margiotta nd Gurantz, 1989; 
Jacob, 1991; Arenella et al., 1993). ~3, ~4, and a5 tran- 
scripts are present at low levels, and few AChRs were 
detected in ciliary ganglion neurons prior to innervation 
(Jacob, 1991; M. $. L., C. L. B., and M. H. J., unpublished 
data). AChR transcript and protein levels increase sub- 
stantially in response to pre- and postganglionic synapto- 
genesis. Moreover, ~5 transcript levels undergo the largest 
developmental increase, and the extent of increase re- 
sembles the rise in total AChR protein levels (Smith et al., 
1985; Corriveau and Berg, 1993; M. S. L., C. L. B., and 
M. H. J., unpublished ata). The ratio of cz3 to a5 transcript 
levels in control neurons changes from 6-fold higher c~3 
levels at ED8 to 2-fold higher at ED12-14, suggesting that 
a greater number of AChRs may contain ~z5 subunits at 
later embryonic stages. In vitro expression studies demon- 
strate that AChR complexes containing ~5 together with 
another or-type and 13-type subunit have lower agonist affin- 
ity and higher conductance than AChRs formed by the 
same ~z and 13 subunit in the absence of a5 (Ramirez- 
Latorre et al., submitted). These changes in functional prop- 
erties resemble the increase in abundance of 40 pS AChR 
channels relative to 25 pS AChRs and the decrease in 
ACh affinity reported for chick ciliary ganglion neurons 
developing from ED8 to ED16 (Margiotta and Gurantz, 
1989). We therefore speculate that, at early embryonic 
stages, many functional AChR complexes contain a3 and 
134 subunits, forming 25 pS AChRs, and that later, com- 
plexes containing ~3, ~5, and 134 subunits are predomi- 
nant, forming 40 pS AChR channels. 
Innervation and target tissue interactions increase ~3 
and 134 transcript levels, whereas innervation has unique 
inductive effects on ~5 mRNA levels in developing chick 
ciliary ganglion neurons in situ. Interestingly, genes en- 
coding these subunits are clustered in the avian genome; 
134 lies 5' of ~3 and is transcribed from the same DNA 
strand, whereas ~5 lies 3' of ~3 and is transcribed from 
the opposite DNA strand (Couturier et al., 1990). Increases 
in ~3,134, and ~5 transcript levels in neurons that establish 
pre- and postsynaptic onnections are likely to influence 
AChR expression and levels of synaptic activity. Greater 
activity may stabilize these synaptic connections during 
the period of synapse formation and elimination, resulting 
in the uptake of essential trophic factors and the survival 
of developing neurons. 
Experimental Procedures 
Embryonic Microsurgery 
White Leghorn embryonated chick eggs (Spafas, Norwich, CT) were 
maintained at 37°C in a forced-draft incubator until use. To prevent 
innervation, the sole source of presynaptic nputs to the ciliary gan- 
glion, the accessory oculomotor nucleus, was surgically ablated prior 
to the time of synapse formation i  the ganglion, at ED3.5-4 (Jacob, 
1991). The entire midline region of the dorsal mesencephalon was 
cauterized, resulting in complete bilateral destruction of the accessory 
oculomotor nucleus, in embryos in ovo (Furber et al., 1987; Arenella 
et al., 1993). Sham-operated embryos were treated identically, with 
the exception of the cauterization step. To prevent target tissue interac- 
tions, the optic vesicle was removed unilaterally atED2 (Dourado et 
al., 1994), which precedes the time of ganglion formation. The contra- 
lateral side served as an intact control. To obtain ganglia deprived of 
both innervation and target issues, both operations were performed 
on single mbryos. Survival rates for the three different surgeries were 
75%, 60%, and 20%, respectively. Ciliary ganglia from operated and 
control embryos were dissected at ED6, ED8-9, or ED12-14. For RT- 
PCR, ganglia were frozen immediately in liquid nitrogen and stored 
at -80°C until RNA extraction. 
Specific Primers 
Specific sense and antisense primers were designed for ~3, ~5, and 
~4 that correspond to regions in exons 5 and 6, which flank a portion 
of the cytoplasmic domain between transmembrane r gions III and IV. 
The sequences of the forward primers are 5:TTCAGTGGCAATCTCA- 
CAAGA-3' (nucleotides [nt] 1146-1166 of ~3), 5:CATGAGTGGATCA- 
GAATCGTC-3' (nt 1017-1037 of a5), and 5'-AAA~ i I/CTCCTGAAGT- 
CCAA-3' (nt 1179-1199 of 134). The reverse primers are 5'-CATGTCAT- 
CTCCAGTCATCAG-3' (nt 1398-1418 of a3), 5'-CTTGCCCATTTAT- 
GAATAACA-3' (nt 1218-1238 of ~5), and 5'-AGGGTTCGTGGCAG- 
CAATGTG-3' (nt 1380-1400 of ~,4). 
For the control, primers were designed that correspond to exons 1 
and 2 of c!34-tubulin. The forward primer is 5'ATCGTCCACATCCAA- 
GCG-3' (nt 389-406), and the reverse primer is 5'-GCCTCATTGTAAT- 
AGACACTG-3' (nt 923-943). 
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Mutated Internal Standards 
Mutated internal standards were generated by site-directed mutagene- 
sis with PCR and single mutated primers (Higuchi et al., 1988). Muta- 
tions were introduced that replace an Ncol site with a Banl site at nt 
1315-1323 of ~3, a Hinfl site with a BamHI site at nt 1212-1217 of 
J~4, a Ddel site with a Banl site at nt 1142-1151 of ~z5, and a Hinfl site 
with an Aval site at nt 897-904 of c~4-tubulin. Mutated products were 
subcloned in Bluescript KS(-) vectors (Stratagene). Sequence analy- 
sis using a modification of the dideoxy chain-termination method of 
Sanger et al. (1977) (Sequenase version 2.0; Stratagene) was per- 
formed to confirm that the mutated standards contained the necessary 
base pair changes, cRNAs were generated by in vitro transcription 
(Sambrook et al., 1989), and their concentrations were determined by 
OD2~ measurements. 
RNA Extraction 
Total RNA was extracted from individual ganglia by the guanidinium 
isothiocyanate-hot phenol method (Feramisco et al., 1982) as modified 
by the addition of glycogen as carrier. Known concentrations of ~3, 
134, ~5, or J3-tubulin mutated internal standards, equivalent to the quan- 
tity of that transcript present in that age operated or control ganglion (as 
determined initially by competitive PCR), were added to the ganglion at 
the start of RNA extraction to control for losses. In addition, the use of 
serial dilutions of internal standards in competitive PC R demonstrated 
that PCR amplification is linear over the concentration range that in- 
cludes the amount of ~3, [54, a5, and J3-tubulin transcripts in operated 
and control ganglia. 
RT-PCR 
Single-stranded cDNA was synthesized by Moloney murine leukemia 
virus reverse transcriptase (MMLV-RT; Promega) and specific priming 
with an antisense oligonucleotide. The 20 I~1 reaction contained RNA, 
5 pM antisense primer, 1 mM final concentration of each dNTP, 1 U 
of RNasin (Promega), 5 mM dithiothreitol, 20 U of MMLV-RT, and 
buffer. The RNA and the antisense primer were heat denatured and 
then reverse transcribed for 1 hr at 42°C. Single-stranded cDNA was 
amplified by PCR in a programmable thermocycler (MJ Research) in 
a final volume of 100 I11 containing enzyme buffer, 1.5 mM MgCI2, 1 p.M 
sense primer, 10 nCi [a-32P]dCTP, and 2.5 U of Taq DNA polymerase 
(Promega). The samples were overlayed with mineral oil, heat dena- 
tured at 94°C for 2 min, amplified (30 cycles: denaturation at 94°C 
for 40 s, primer annealing at 50°C for 1 min, and DNA extension at 
72°C for 1.5 min), and incubated for a final 10 min at 72°C to complete 
extension. Restriction enzyme mapping and gel electrophoresis were 
used to distinguish PCR products derived from the mutated standard 
and the ganglionic mRNA. Fragments were transferred to aZeta probe 
blotting membrane (Bio-Rad) and exposed to X-ray film. The ratio of 
the ganglionic m R NA products and the mutated standard products was 
determined by densitometric scanning (PDI densitometer; Huntington 
Station, NY) of the resulting autoradiogram. 
Neuronal Cell Counts 
Neuron numbers in normal developing, target tissue-deprived and 
input-deprived ganglia were taken from Landmesser and Pilar (1974b) 
and Furber et al. (1987). Neuron numbers were counted in ganglia 
deprived of both innervation and target tissues. Ganglia were fixed, 
processed for paraffin histology, serially sectioned at 8 I~m, and stained 
with toluidine blue (Arenella et al., 1993). All neurons possessing a 
nucleus with a distinct nucleolus were counted in each section of the 
ganglion. Cell counts were corrected for double counting by the method 
of Abercrombie (1946). At ED8, neuron numbers are similar to control 
ganglion values (5982 _+ 198 neurons, n = 3, for operated ganglia; 
6294 _+ 194, n = 2, for sham-operated ganglia). At ED13, neuron 
numbers are reduced (1224 _+ 152, n = 2, for operated ganglia; 3578 
_+ 228, n = 2, for sham-operated ganglia). 
Ganglion Dissociation 
At the indicated times, ganglia were dissected from operated and sham- 
operated embryos, and the neurons were isolated acutely. Briefly, 
ganglia were incubated in a Ca2+/Mg2+-free saline containing 0.25-1.0 
mg/ml collagenase (Sigma type II) for 7-30 min at 37°C, rinsed in cell 
culture medium, and dissociated by trituration (Dryer et al., 1991). 
Neurons were plated onto poly-o-lysine-coated glass coverslips and 
allowed to settle for at least 30 rain at 37°C prior to electrophysiological 
testing. Ciliary ganglion neurons dissociated under these conditions 
are essentially free of neurites. 
Electrophysiology 
Whole-cell recordings were made at room temperature (21 °C-23°C) 
using standard techniques. Normal external saline contained 145 mM 
NaCI, 5.4 mM KCI, 5.4 mM CaCI2, 0.8 mM MgCI2, 5 mM D-glucose, 
and 13 mM HEPES/NaOH. Pipette saline contained 120 mM KCI, 2 
mM MgCI2, 10 mM HEPES/NaOH, 10 mM EGTA, 5 mM ATP, 2 mM 
GTP, and 0.1 mM leupeptin (pH 7.4). Pipette resistance was 2-6 M~. 
It was generally possible to compensate 90% of this resistance without 
introducing oscillations into the current output of the clamp amplifier 
(Axopatch 1 D, Axon Instruments, Foster City, CA). ACh (100 IIM) was 
dissolved in extracellular saline and applied by pressure injection 
(1-3 Ib/in 2, 50-200 ms) from a second micropipette (2-4 p.m tip diame- 
ter) positioned 10-20 p.m from the soma. With these methods, the 
entire soma was perfused with agonist upon pressure injection. This 
concentration of ACh was chosen because it gave reliable responses 
to ACh in control neurons but did not induce rapid desensitization. 
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